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Abstract
The results of the study of the plasma reactor on the combined magnetron 
discharge and radio-frequency (RF) inductive discharge located in the external 
magnetic field are presented. Magnetron discharge provides the generation of 
atoms and ions of the target materials, while the flow of accelerated ions used for 
the ion assistance is provided by the RF inductive discharge located in an external 
magnetic field. Approaching the region of resonant absorption of RF power by 
optimizing the magnitude and configuration of the external magnetic field makes it 
possible to obtain a uniform within 10% radial distribution of the ion current across 
the diameter of 150 mm. When the RF power supply power is 1000 W, the ion cur-
rent density on the substrate can be adjusted in the range of 0.1–3 mA/cm2. The use 
of ion assisting results in a fundamental change in the structure and properties of 
functional coatings, deposited using a magnetron.
Keywords: RF inductive discharge, assisting ions, helicon, Trivelpiece-Gould wave, 
magnetic field, magnetron, film deposition
1. Introduction
At the present time, vacuum plasma methods for the formation of multicom-
ponent thin-film structures based on magnetron or vacuum arc gas discharges 
are widely used in the industry. These methods allow to obtain a wide class of 
functional coatings, such as optical, hardening, anticorrosion, antibacterial, etc. A 
particular case of the known vacuum plasma methods of coating formation is ion-
assisted deposition [1–8]. The method involves continuous or periodic bombard-
ment of growing thin films by accelerated ions.
The results of the bombardment of the substrate and the growing films by 
accelerated ions are [1–8]:
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• cleaning of the substrate surface and removing traces of water and 
hydrocarbons;
• increase of density and, in some cases, modification of the growing film 
structure;
• removal of loosely bounded molecules during the film growth;
• improving the adhesion of the film to the substrate;
• better control of the film stoichiometric composition in the case of chemically 
active gas usage.
The concept of ion-stimulated deposition was proposed more than 70 years ago 
by Berghaus [1]. More than two decades later, the technology was implemented in 
the experimental works by Mattox and MacDonald [2], as well as by Mattox and 
Kominiak [3].
Currently, vacuum deposition of films is carried out by way of thermal evapora-
tion, magnetron, vacuum arc, and ion-beam deposition [4–8]. Bombardment of 
substrates and growing films is implemented using accelerated ion beams, gener-
ated in ion sources or gas-discharge plasma. In the latter case, a negative bias is 
applied to the substrate, which accelerates the ions in the direction perpendicular to 
the surface of the growing film.
The effect of the ion flux treatment on the thin-film properties substantially 
depends on the flux magnitude, energy and mass of the ions, as well as the ratio 
between the flows of the assisting ions and the atoms of the deposited substance. 
The question of the optimal magnitude of energy, which has to be introduced into 
the growing film per a single deposited atom, was examined in [5, 9–12].
In [10], the results of numerous experiments on the deposition of coatings using 
ion beam stimulation are analyzed. It is shown that the most significant changes in 
the properties of deposited films occur, when each of the deposited atom obtains 
additional energy in the range of 1.0–100 eV. However, it was shown in [11] that in 
the case of Ti-Al-N film deposition, composition of the film, predominant orienta-
tion, and distances between atoms in the lattice significantly depend on whether 
the energy is introduced by one high-energy ion or by several low-energy ions. As 
shown in [12], the problem is that in the above cases the energy is transferred to 
the deposited atoms irregularly. High-energy ions are capable of creating defects in 
the deeper layers of the coating and the substrate; having been reflected from the 
surface of the substrate, the ions acquire energy, which significantly depends on the 
substrate material. This results in the fact [12] that the energy required for the film 
growth at the initial stage may greatly differ from the energy, which is required at 
the final growth stage, when the assisting ions interact only with the atoms of the 
deposited substance. It should be noted that when the ion energy exceeds 15–30 
eV [13], the growing film can be sputtered with a beam of fast ions. The use of 
ion beams with energies up to 30 eV makes it possible to reduce these effects to a 
minimum.
The use of vacuum plasma methods of forming functional coatings in the  
industry requires the ensuring of high-speed film deposition and, accordingly, the 
use of significant fluxes of assisting ions. Literature review [6, 13] shows that  
the ion fluxes generated by gridded and gridless ion beam sources are often insuffi-
cient to assist the growth of films produced using magnetron and vacuum arc meth-
ods. Besides, there is a complex problem of matching the operation of gas-discharge 
sources generating assisting ions and coating systems in terms of pressure.
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In [14], the possibility of generating plasma flows with the ion component 
density of up to 20–30 mA/cm2 and independently controlled ion energy within the 
range of 20–120 eV by using a combination of arc discharge with inductive radio-
frequency (RF) discharge in external magnetic field is shown. The results obtained 
in [14] served as the starting point for the development of a plasma reactor [15–18], 
intended for the magnetron sputtering of functional coatings using stimulation by 
ions, generated in RF inductive discharge with external magnetic field.
2. Basic physical patterns underlying the design of a plasma reactor
The task of developing a plasma reactor for magnetron sputtering deposition 
of ion-stimulated coatings has determined the composition of the reactor: one or 
more magnetron sources to provide the flow of sputtered particles onto a substrate 
and gas-discharge source, which provides the generation of a magnitude-controlled 
flux of ions, bombarding the substrate. The ion flux energy control is provided by a 
direct current (DC) or RF biasing of the substrate.
To enable successful operation of the plasma reactor, it is necessary to  
ensure that:
1. The working areas of the magnetron and gas-discharge sources are matched in 
terms of pressure.
2. Changing of external parameters of the gas-discharge source ensures coordi-
nation of the flux of assisting ions and the flux of sputtered particles entering 
the substrate.
3. Changing of external parameters of the gas-discharge source ensures uniform 
density of ion current density on the substrate not worse than 10%.
4. The plasma reactor operates using both inert and chemically active gases.
Let us do some estimates. Taking into account typical rate of magnetron sput-
tering, it is advisable to ensure that the density of the stimulating ion current varies 
within the range of 0.1–3 mA/cm2. This means that the plasma density must vary 
within the range of 0.03–1 × 1011 cm−3.
A literature review [19–21] has shown that it is reasonable to consider two modi-
fications of inductive RF discharge as the options for implementing the working 
process in the gas-discharge source, namely, inductive RF discharge in the absence 
and in the presence of external magnetic field. In the first case, the magnitude of 
the assisting ion flow will be determined by the power of the RF power supply.  
In the second case, two external parameters—the power of the RF power supply 
and the induction of an external magnetic field—will allow to control the values of 
plasma parameters and their spatial distribution in the plasma reactor.
In modern industrial installations, the diameter of substrates usually exceeds 
200 mm. Large diameter of the plasma reactor makes it difficult to generate strong 
magnetic fields in the volume of the reactor. It is known [22–25] that when an 
external magnetic field with induction of less than 100 Gs is imposed on inductive 
RF discharge, a peak of electron density is observed at certain resonant values of 
the magnetic field. The absolute values of plasma density are close to those required 
in case of our task. The physically observable density peak is associated with 
resonant excitation in the plasma reactor of helicon and Trivelpiece-Gould waves 
[22–25]. Provided that the pressure in the reactor does not exceed 10 mTorr, the 
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Trivelpiece-Gould wave is a bulk wave, penetrates deep into plasma, and deter-
mines the absorption of RF power [24, 25].
In [26], the authors offered a scheme of two-chamber process plasma source, 
based on inductive RF discharge with external magnetic field, diverging toward 
the substrate. Following the scheme [26], preliminary experiments on the study of 
the discharge parameters have been carried out with the plasma reactor having two 
chambers [27]. The model consisted of two cylindrical quartz chambers of differ-
ent diameters and a magnetic system. The upper part of the reactor (gas-discharge 
chamber) had a diameter of 10 cm and a height of 25 cm. The lower part of the 
reactor (process chamber) had 46 cm diameter and 30 cm height. The RF power 
input unit—a three-turn solenoid antenna—was located on the outer surface of the 
gas-discharge chamber. The magnetic system allowed generation in the volume of 
the process chamber of uniform magnetic field, converging and diverging toward 
the lower flange where the substrate was located.
Experiments have shown that when using an inductive RF discharge in the 
absence of magnetic field, the discharge is concentrated in the gas-discharge 
chamber, while the plasma density in the process chamber near the substrate is 
vanishingly small. A different situation is observed when using external magnetic 
field, diverging in the region of the gas-discharge chamber and uniform in the 
region of the process chamber. Under argon pressures, when the electron mean 
free path exceeds the longitudinal size of the system, the imposition of magnetic 
field results in significant changes in the discharge length [27]. In the absence of 
magnetic field, the discharge is concentrated in the gas-discharge chamber. An 
increase in the magnitude of the magnetic field first results in the appearance of 
plasma in the upper part of the technological chamber. Then, the length of the 
intensely glowing part of the discharge in the process chamber starts to grow, 
and, finally, the discharge closes at the bottom flange. The movement of electrons 
across the magnetic field is difficult; therefore, an extended plasma column, 
sharply outlined in the radial direction, appears in the process chamber. In parallel 
Figure 1. 
Probe ionic saturation current distribution along z axis of plasma source depending on external magnetic field 
magnitude: 0.7 mTorr, 400 W, and 13.56 MHz.
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with the increase in the discharge length near the substrate, an increase in the 
probe ion saturation current is observed.
Figure 1 shows variation of the axial distribution of the probe ion saturation 
current when the magnetic field induction grows. In the absence of magnetic field, 
the discharge is concentrated in the upper part of the plasma source; as the mag-
netic field increases, the ion current in the lower chamber gets increased. When the 
magnetic field exceeds 36 Gs, the discharge gets localized in the process chamber of 
the reactor.
This effect is observed for all of the examined powers of the RF power supply, 
and the maximum values of the ion current are increasing in proportion to the input 
power. The achieved plasma concentrations near the substrate correspond to those 
required in this work. Detailed studies of the physical causes for the axial redistri-
bution of plasma density as the magnetic field induction increases have shown that 
the effect is associated with the patterns of excitation of partial standing waves in 
the plasma [17, 27]. It should be noted that the use of other configurations of the 
magnetic field did not result in significant increase in the ionic saturation current 
near the substrate.
The obtained results served as the basis for the development of a semi-industrial 
installation for magnetron deposition of coatings with ion assistance.
3.  Design of a plasma reactor, which combines magnetron and inductive 
RF discharge with external magnetic field
Preliminary results, obtained using a plasma reactor prototype, have served 
as the basis for a semi-industrial installation [16–18]. Diagram of this prototype 
is shown in Figure 2. The reactor consists of two parts. The main part is a metal 
cylindrical process chamber having 500 mm diameter and 350 mm height. At 
the bottom of the chamber, there is a rotating table for the accommodation of 
samples being treated. To facilitate spectrometric studies of plasma parameters, 
two optical inspection windows are located above the table right opposite to 
each other. The magnetron source is installed on the side surface of the process 
chamber.
Quartz gas-discharge chamber having 250 mm length and 220 mm diameter 
is mounted on top of the process chamber. From above the chamber, volume is 
covered with a glass blind flange; from beneath the chamber is sealed with a metal 
flange with an opening that allows plasma to penetrate into the main chamber.
Below the process chamber, a pumping system is installed, consisting of rotary 
and turbo molecular pumps. The working gas is supplied to the reactor through the 
gas inlet located in the upper part of the gas-discharge chamber.
The magnetic system consists of two electromagnets, located in the upper 
and lower parts of the process chamber. The electromagnets ensure generation of 
diverging magnetic field in the area of the gas-discharge chamber. The magnitude 
of the magnetic field in each specific point in the volume of the process chamber 
is determined by the currents Itop, Ibot flowing through the top and bottom electro-
magnets, respectively, and one and the same value of magnetic induction can be 
provided by setting different ratios between the currents of the magnets. In this 
regard, in the further section, the dependence of the discharge parameters on Itop, 
Ibot is given in the graphs illustrating the results of experiments. Table 1 contains 
the magnetic field induction values achieved near the antenna, in the center of the 
process chamber and near the substrate at different values of Itop, Ibot.
To excite an inductive RF discharge, a solenoid antenna is used, which is located 
on the outer surface of the quartz chamber. The ends of the antenna are connected 
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through the matching system to the RF power source, having the operating fre-
quency of 13.56 MHz and an output power of up to 1000 W. In the inductive RF 
discharge, the power of RF power sources is coupled not only to plasma but is 
wasted in the antenna too. In order to measure the RF power value Ppl coupled to 
plasma, the method described in [24] was used.
To ignite and maintain the magnetron discharge, the RF power source with the 





Magnetic field in the 
substrate plane (Gs)
Magnetic field in the bottom part 
of the gas-discharge chamber (Gs)
3 5 39 49
4 5 40 63
5 5 42 78
7 5 45 107
3 1 11 45
3 3 25 47
3 7 53 50
3 9 66 52
3 12 87 55
10 4 42 150
1 6 42 20
Table 1. 
Correlation between the currents of the magnets and the magnitude of the magnetic field near the substrate 
and in the gas-discharge chamber.
Figure 2. 
Plasma reactor prototype diagram: (1, 2) gas-discharge and process chambers, (3) antenna, (4, 5) top and 
bottom electromagnets, (6) magnetron, (7) rotating table, and (8) window.
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To study the homogeneity of plasma near the substrate, a movable Langmuir 
probe was used, capable of traveling along the diameter of the substrate. When 
measuring the dependence of the probe ionic saturation current on the magnitude 
and configuration of the magnetic field, 60 V potential negative in respect of to the 
walls of the main chamber is applied to the probe.
In parallel with probe measurements, the plasma glow spectrum was studied. 
Plasma radiation via an optical fiber was fed to the input of the MDR-40 mono-
chromator, on the output of which photomultiplier FEU-100 was installed. The 
signal from the photomultiplier was amplified and fed to an ADC connected to a 
computer. The spectrum was scanned in the wavelength range of 400–700 nm. 
In addition to the glow spectrum, longitudinal distribution of the spectral lines 
intensity was measured. To this end, the light guide was moved along the generating 
line of the process chamber within the diagnostic window opening.
Thin films were deposited onto silicon substrates when only the magnetron 
was operating and when the magnetron and the gas-discharge plasma source were 
operating together in the absence and in the presence of bias on the substrate. The 
morphology of the surface and the cleavage of the films were studied with the help 
of scanning electron microscope Supra-40. The electro-physical characteristics of 
the coatings were measured with the help of a two-probe method.
4. Results of the gas-discharge plasma source studies.
At the first stage of the study, the parameters of the plasma generated by induc-
tive RF discharge were studied depending on the size and configuration of the 
external magnetic field, the power of the RF power supply, and the pressure of 
argon in the absence of the magnetron discharge.
Experimental studies of the discharge have shown that when a longitudinal mag-
netic field is imposed on the discharge, an extended plasma column is formed in the 
process chamber, similar to that observed in the prototype reactor. The diameter of 
the plasma column is approximately equal to the diameter of the quartz chamber 
that is 20 cm (Figure 3).
As with the prototype, a change in the magnetic field made it possible to control 
the longitudinal distribution of plasma density. Figure 4 shows correlation between 
the plasma glow intensity I1, measured in the central part of the process chamber, 
and at the substrate I3. An increase in the currents through the magnet, located near 
the gas discharge Itop and the substrate Ibot, results in equalization of the distribution 
of the plasma glow intensity along the discharge axis. This confirms the conclusion 
about the formation of the plasma “column,” closing on the substrate.
Figures 5 and 6 show the dependence of the portion of the power Ppl coupled to 
the argon plasma, on the values of the currents Itop, Ibot through the top and bottom 
magnets, provided that the power of the RF power supply is 1000 W. As can be 
seen, Ppl is determined by the magnetic field B, which is generated by the current 
through the top electromagnet located in the area of the gas-discharge chamber. The 
effect induced by the bottom magnet is noticeable at low currents of the top mag-
net, when contribution of the bottom electromagnet to the values of the magnetic 
field induction is significant. The non-monotonic character of dependence of the 
absorbed power on B is also worth noticing. Ppl reaches the maximum in the Itop 
range between 3 and 5 A, which corresponds to magnetic fields in the area of the 
gas-discharge chamber of 50–80 Gs. The non-monotonous nature of the depen-
dence of the absorbed power on the external magnetic field is retained when argon 
is replaced by other working gases, such as neon, argon, and oxygen. However, 




Photo of the discharge in the plasma reactor.
Figure 4. 
The ratio of plasma glow intensity near the substrate I3 to the plasma glow intensity near the magnetron I1 
versus the current flowing through the bottom electromagnet. Corresponding values of the current through the 
top electromagnet are shown in the menu in the figure. Pressure, 0.2 Pa.
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gas used. Thus, with the use of oxygen, position of the Ppl(B) maximum at the RF 
power supply power of 1000 W is reached at Itop = 2 A (see Figure 6).
Figure 7 shows radial dependence of the RF longitudinal magnetic field Bz, 
measured at various Itop values. One can see that Bz under condition of the best 
absorption of the RF power (at the magnetic field of about 80 G in the area of the 
Figure 5. 
Dependence of the portion of power, coupled to plasma, on the values of currents through the top and bottom 
magnets, provided that the RF power supply power is 1000 W. Argon pressure, 0.7 Pa.
Figure 6. 
Dependence of the portion of power, coupled to plasma, on the values of currents through the top and bottom 
magnets, provided that the RF power supply power is 1000 W. Oxygen pressure, 0.7 Pa.
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gas-discharge chamber) reaches its maximum on the discharge axis, that is, the RF 
fields penetrate deep into the plasma (see Figure 7). This indicates excitation of 
bulk waves in the discharge.
Calculation of the dependence of the RF fields, excited in plasma, on the exter-
nal magnetic field, made on the basis of the theoretical model of a limited inductive 
plasma source with external magnetic field [25], has shown that interconnected 
helicons and Trivelpiece-Gould waves are excited in the discharge under considered 
experimental conditions. The Trivelpiece-Gould wave is a bulk wave, and it is the 
dissipation of its energy that determines the absorption of RF power in the plasma.
The conclusion concerning the resonant excitation of bulk waves at the current 
of the top magnet of 5A is also confirmed by measurements of the probe ionic satu-
ration current near the substrate (see Figure 8). An increase in the current of the 
top magnet within the range from 1 to 5 A results in increase in the absolute values 
of the ionic current and the formation of a bell-shaped distribution. As the current 
is further increased to 7 A, the portion of RF power absorbed by the plasma and the 
absolute value of the probe ionic saturation current decrease. It is necessary to note 
the result that is important for technological applications: at the top magnet current 
of 3A, the most uniform distribution of the ion current is observed. Deviation of 
the ionic current values from the average ones within the 20 cm diameter does not 
exceed 10%. Remarkably, the most uniform radial distribution near the substrate is 
observed not in the resonance region, but when approaching the resonance region.
The most uniform distribution, obtained at the top magnet current of 3A, cor-
responds to the ionic current density of about 1 mA/cm2. This value may be insuf-
ficient for ionic assistance at high rates of film deposition. Additional experiments 
have shown that increasing the bottom magnet current allows to increase the ionic 
current density by two to three times and to obtain homogeneous plasma within the 
diameter of 15 cm (Figure 9, curves 1 and 2).
Figure 9 additionally shows the radial distributions of the ionic saturation cur-
rent, obtained at the top magnet current of 1A. As a reminder, the point Itop = 1 A is 
located before the maximum of the Ppl(Itop) curve. It is natural to assume that at this 
Figure 7. 
Radial dependence of the RF longitudinal magnetic field.
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point the RF fields do not yet penetrate the main volume of the plasma. Taking into 
account that the movement of electrons across the magnetic field is difficult, the 
distribution of the ionic current with a dip on the axis is observed.
Figure 8. 
Radial dependence of ionic saturation current at different top magnet currents while the bottom magnet 
current is fixed.
Figure 9. 




Let us further examine the results of the probe studies in more detail. A typical 
probe characteristic is shown in Figure 10.
As can be seen, the electron energy distribution is close to Maxwell one. Figure 11  
shows the dependence of electron density in the substrate region on the values of 
currents through the top and bottom magnets at fixed values of current on the top 
and bottom magnets, respectively.
As can be seen, the range of changes in plasma density corresponds to that which 
is necessary for the successful implementation of ion assistance technology as part 
of the magnetron sputtering.
Additional experiments have shown that the best argon pressure range in terms 
of technological applications is the range between 0.5 and 0.7 Pa. At lower pres-
sures, it is not possible to obtain the required uniformity of the ion current, while an 
increase in pressure to 1.5 Pa leads to a drop in the values of the ion current.
Figure 11. 
Dependence of electron density in the substrate region on the values of currents through the top (a) and bottom 
(b) magnets at fixed values of current on the top and bottom magnets, respectively.
Figure 10. 
Dependence of the probe electron current on the probe potential.
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5.  Results of the plasma parameter examination when magnetron and 
gas-discharge sources operate together
At the next stage of the work, the plasma parameters were studied during the 
simultaneous operation of both the magnetron discharge and inductive RF dis-
charges with external magnetic field. Experiments have shown that the joint opera-
tion of magnetron and inductive RF discharges results in a decrease in the threshold 
pressure, at which magnetron is capable of operating. Titanium spectral lines 
appeared in the glow spectrum of the magnetron discharge only and at the argon 
pressure of 0.7 Pa. When magnetron and RF inductive discharges were operating 
together, the plasma glow spectrum was enriched with titanium lines already at the 
pressure of 0.3 Pa.
Figure 12 shows the current-voltage characteristics of the magnetron operating 
at DC mode both independently and together with the gas-discharge source. As 
can be seen, the sputtering apparatus is capable of operating at substantially lower 
voltages applied to the cathode.
6. The effect of assisting ion flow on functional coating structure
To test the effect of ionic stimulation on the properties of functional coatings, 
thin films were deposited using the magnetron only and using the magnetron and 
RF sources together with and without applying an additional bias to the substrate. 
Coatings made of the following materials were used as test samples: Ti, Al, SiAl, 
SiO2, and C.
The experiments involving deposition of titanium coatings were aimed at the 
studying of the effects of the assisting ionic flux magnitude on electro-physical 
properties of films and their microhardness. It was shown that increase in the power 
of RF power supply connected to antenna in the range from 0 to 500 W results in 
Figure 12. 
Current-voltage characteristics of the magnetron operating independently (black curve) and together with the 
inductive RF discharge with magnetic field (red curve).
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almost twofold increase in specific resistivity of the films; at the same time, the 
microhardness of the films increases by 25%. The observed changes are obviously 
the result of a change in the film structure. Titanium film morphology studies have 
shown that the irradiation of films with a flux of accelerated ions leads to a slight 
decrease in the grain size in the structure of the films. Application of a DC bias to 
the substrate was accompanied by the smoothing of the surface of films.
Figure 14. 
Film surface and cross-section: Si (Al 10%) deposition, without ionic assistance.
Figure 13. 
Aluminum film surface (a and c) and cross-section (b and d).
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The reduction of grain size in the structure of films in the presence of stimulat-
ing ion flux is most clearly seen in the film surface images and the images of alumi-
num film cleavages, shown in Figure 13.
Figure 15. 
Film surface and cross-section: Si (Al 10%) magnetron deposition with ionic assistance without applying a bias 
to substrate.
Figure 16. 
Film surface and cross-section: Si (Al 10%) magnetron deposition with ionic assistance plus a bias applied to 
the substrate.
Figure 17. 
Dependence of the ratio of film resistance to its thickness on the bias Ucm applied to its substrates.
Micromachining
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Interesting results were obtained while depositing silicon with 10% alumi-
num content. The sample film surface morphology and cleavage are shown in 
Figures 14–16. As can be seen, the samples treated using ionic assistance acquire 
a columnar structure. When a bias is applied to the substrate, the columnar 
structure grows at an angle to the normal.
It is known that the ionic stimulation results in significant change in the electro-
physical properties of carbon films [28]. Figure 17 shows the dependence of resis-
tance of a various series of carbon films on the bias voltage [29]. As can be seen, there 
is a sharp increase in the resistance of the films at the assisting ion energy of 45 eV.
7. Conclusions
The results of the study of plasma parameters in a plasma reactor based on a 
combination of magnetron and magnetically activated RF discharge indicate the 
promising outlook as regards to industrial application of the innovative facility. 
Approaching the region of resonant absorption of RF power by optimizing the 
magnitude and configuration of the external magnetic field makes it possible 
to obtain a uniform within 10% radial distribution of the ion current across the 
diameter of 150 mm. When the RF power supply power is 1000 W, the ion current 
density on the substrate can be adjusted in the range of 0.1–3 mA/cm2. The use of 
ion assisting results in a fundamental change in the structure and properties of 
functional coatings, deposited using a magnetron.
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